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ABSTRACT
We link the onset of pulsation-enhanced, dust-driven winds from asymptotic giant
branch (AGB) stars in the Magellanic Clouds to the star’s transition between period–
luminosity sequences (from B to C′). This transition occurs at ∼60 days for solar-mass
stars, which represent the bulk of the AGB population: this is the same period at
which copious dust production starts in solar-neighbourhood AGB stars. It is contem-
poraneous with the onset of long-secondary period (LSP) variability on sequence D.
The combined amplitude of the first-overtone (B + C′) and fundamental (C) modes
and (perhaps) long-secondary period (D; LSP) variability appears to drive a sudden
increase in mass-loss rate to a stable plateau, previously identified to be a few × 10−7
M⊙ yr
−1. We cite this as evidence that pulsations are necessary to initiate mass loss
from AGB stars and that these pulsations are significant in controlling stars’ mass-loss
rates. We also show evidence that LSPs may evolve from long to short periods as the
star evolves, counter to the other period–luminosity sequences.
Key words: stars: mass-loss — stars: winds, outflows — stars: AGB and post-AGB
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1 INTRODUCTION
Mass loss from asymptotic giant branch (AGB) stars con-
trols the last stages of a star’s life (e.g. Karakas & Lattanzio
2014). Here, pulsations levitate material from the stellar sur-
face, where it can condense into dust. Radiation pressure on
this dust forces it from the star, and collisional coupling to
the surrounding gas drives a wind from the star (e.g. Willson
2000; Ho¨fner & Olofsson 2018). The conditions required to
initiate this process, and the mass-loss rates it generates, are
poorly known.
As well as being significant for modelling stellar evo-
lution and galactic chemical enrichment, this becomes sig-
nificant in metal-poor stars: if pulsation starts the wind
and sets the mass-loss rate, the mass-loss rate should
be largely independent of metallicity; but if radiation
pressure does, it should be highly metallicity dependant.
Definitive observations do not currently allow this dis-
tinction to be made: in our limited observational scope,
metallicity seems to make no difference to mass-loss rate
(van Loon et al. 2008) and dust-production seems prevalent
in metal-poor environments (e.g. Boyer et al. 2017). How-
ever, a decrease in wind velocity may exist at lower metal-
licities (Groenewegen et al. 2016; Matsuura et al. 2016;
⋆ E-mail: iain.mcdonald-2@manchester.ac.uk
Goldman et al. 2017). McDonald et al. (2019) interpret this
as being due to the levitating effects of pulsations setting the
mass-loss rate, and radiation pressure on dust setting the
wind momentum. However, this hypothesis does not predict
a mass-loss rate for individual stars, nor determine which
stars do and do not produce a strong, dust-driven wind.
The link between pulsation and mass loss has a long his-
tory: stars with significant infrared excess (indicating high
mass-loss rates) are typically highly variable (strongly pul-
sating), long-period stars (e.g. Cannon 1967; Habing 1996).
Most studies (e.g. Vassiliadis & Wood 1993) have concen-
trated on long-period (P & 300 days), large-amplitude
(δV > 2.5 mag) Mira variables. However, at least in Galac-
tic stars, strong mass loss ( ÛM & 10−8 M⊙ yr
−1) first occurs
around a pulsation period of P ∼ 60 days, as traced by both
infrared excess (indicating dust) and CO line-profile data
(Alard et al. 2001; Glass & van Leeuwen 2007; Glass et al.
2009; McDonald & Zijlstra 2016; McDonald et al. 2018). To
the limits of modern detection, mass loss identified by these
tracers is always linked to optical variability, hence pulsation
is a necessary condition for stellar dust production and as-
sociated gas mass loss (Groenewegen 2014; McDonald et al.
2012, 2016, 2017).
Properties of variable stars are often traced through
the period–luminosity (P − L) diagram (e.g. Ita et al. 2004;
Wood 2015), in which stars form distinct sequences depend-
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ing on the pulsation mode responsible for their variabil-
ity. Pulsating red giants are often multi-periodic, and nor-
mally only the primary period (the one with the largest
amplitude) in each star is used in the P − L diagram. As
stars evolve, specific overtone modes gradually become sta-
ble, and the primary mode shifts towards lower radial or-
ders (e.g. Lattanzio & Wood 2003; Trabucchi et al. 2019).
Sequence C, where Mira variables are generally located, is
due to pulsation in the fundamental mode (e.g. Wood 2015).
Trabucchi et al. (2017) have recently shown that both se-
quences B and C′ are due to pulsation in the first overtone
(1O) mode, while sequences A and A′ are due to the second
(2O) and third overtone (3O) modes, respectively. Sequence
D is associated with long-secondary periods (LSPs), a mode
of variability with unknown origin (e.g. Nicholls et al. 2009),
but whose onset is linked by Trabucchi et al. (2017) to the
gap between sequences B and C′. Stars initially rise on the
P − L diagram while traversing these sequences from left to
right but, as increasing mass loss decreases the density of the
stellar envelope, their tracks tend to flatten towards the end
of the AGB evolution (e.g. Vassiliadis & Wood 1993, their
figure 20).
P ∼ 60 days approximately corresponds to the lower end
of pulsation sequence C′, hence the onset of mass loss at this
stage may be linked to both the start of this sequence and/or
the onset of LSPs. The link between LSPs and mass loss
via dust-driven winds was first raised by Wood & Nicholls
(2009), who suggested that mass may be lost via a clumpy
or disc-like structure. However, while most stars appears to
start strong mass loss at this period, not all do: a factor
McDonald et al. (2018) suggest is linked to stellar mass.
The Large Magellanic Cloud (LMC) offers a well-
studied environment with a diverse range of stellar pop-
ulations at approximately half of solar metallicity. Mass-
loss rates for AGB stars have been estimated (Riebel et al.
2012), based on their infrared colours (Meixner et al. 2006;
Srinivasan et al. 2011), and pulsation periods of these stars
are also known (e.g. Fraser et al. 2005; Derekas et al. 2006;
Soszyn´ski et al. 2009). Unlike Galactic stars, they reside at a
single, well-known distance, making construction of a P − L
diagram trivial (Figure 1). In this Letter, we connect the
P − L diagram of the LMC to the mass-loss rates of its
stars, in order to explore the evolutionary connection be-
tween mass loss and pulsation properties.
2 RESULTS
Pulsation periods and I-band amplitudes (∆I) were retrieved
from the Optical Gravitational Lensing Experiment (OGLE;
(Soszyn´ski et al. 2004)) Catalogue of Long-Period Variables
in the LMC (Soszyn´ski et al. 2009). This database was cross-
correlated with Riebel et al. (2012) to obtain broadband
photometry and mass-loss rates for each star, and with
the updated Wide-field Infrared Survey Explorer (AllWise;
(Cutri et al. 2013)) catalogue, to add further infrared pho-
tometry. We multiply the mass-loss rates from Riebel et al.
(2012) by a gas:dust ratio of 400, to approximate the to-
tal mass-loss rate. Mass-loss rates are not available for stars
below the RGB tip (Ks = 12 mag), unless they have no-
table excess infrared flux in Spitzer. The Spitzer 24 µm and
WISE 22 µm photometry is insufficiently sensitive to mea-
sure most stars, hence we use WISE 11.3 µm magnitudes to
indicate infrared excess, using the criterion Ks − [11.3] > 0.3
mag to define stars as dust-producing1. We also calculate the
reddening-free index, WJK = Ks − 0.686(J − Ks) (cf. Madore
1982; Soszynski et al. 2005).
Trabucchi et al. (2017) found that primary periods on
both sequences B and C′ are due to pulsation in the 1O
mode. Stars transitioning from sequence B to sequence C′
develop a LSP with a larger photometric amplitude than
that of the 1O mode. The LSP becomes classified as primary
period, resulting in an apparent gap between sequences B
and C′. In the following, if the primary observed mode lies on
sequence D, we replace it by the secondary observed mode.
We do not correct “extreme”AGB stars with J−Ks > 3 mag,
as these are likely to intrinsically be on sequence C, but be
self-extincted by their own dust in Ks.
Figure 1(a) shows the P − L diagram, with LSPs
remapped in this manner, colour-coded by the fraction of
stars in each bin meeting our dust-producing criterion. A
striking difference is apparent between the stars on se-
quences A and B, where very few stars exhibit dust produc-
tion, and sequences C′ and C, where almost all stars exhibit
strong dust production. This is also apparent in the total
estimated mass-loss rates (Figure 1(c)), which are typically
∼10−9 M⊙ yr
−1 on sequences A and B, and ∼10−7 M⊙ yr
−1
on sequences C′ and C. Stars on sequence F, which is of
unknown origin but may be a fundamental mode pulsation
(Soszyn´ski & Wood 2013; Wood 2015), also show dust.
Figure 1(b) shows the same diagram, but including only
primary or secondary periods which fall into the LSP regime.
Below the RGB tip, the fraction of dusty stars is almost zero,
while above WJK ≈ 9.5 mag, all stars are dust-producing.
Between these magnitudes, stars on the long-period side of
the LSP sequence produce little dust, while those on the
short-period side do. This is opposite to the typical direction
(i.e., longer-period stars typically produce more dust).
The picture is complicated by the formation of car-
bon stars, due to convective dredge-up of nuclear-processed
material with a high carbon abundance during thermal
pulses (Herwig 2005). This changes the dust chemistry from
oxygen- to carbon-rich, resulting in substantially different
dust spectra and can affect the amount of infrared excess
that a given mass-loss rate will produce (e.g Jones et al.
2017). Riebel et al. (2012) fit most sources with carbon-rich
dust above WJK ≈ 10 (Figure 2(a)), but are not able to reli-
ably constrain carbon-richness in sources not producing sub-
stantial amounts of dust. The primary differences between
sequences B and C′ are fainter than this transition, and re-
main when identified carbon stars are deselected. This tran-
sition to dust production therefore does not appear strongly
linked to the phenomenon of convective dredge-up.
Figures 2(b) and (c) show a variant of the period–
amplitude diagram constructed with OGLE data (e.g.
Soszyn´ski et al. 2009, their figure 3). The period on the hor-
izontal axis is replaced with the parameter log(P[WJK =
12]) = log P + (WJK − 12)/4.444, introduced by (Wood 2015).
This quantity is obtained by projecting log P along a line
roughly parallel to the P-L sequences until it meets the level
1 This approximates the same set of stars for which Ks−[22] > 0.55
mag, the criterion used by McDonald et al. (2018).
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Figure 1. Binned period–luminosity diagrams. Sequences are labelled according to the nomenclature used in Wood (2015). Panel (a):
fraction of stars with infrared excess (K − [11.3] > 0.3 mag), from none (blue) to all (red), with sequence D variables remapped; (b)
sequence D variables in situ; (c) as (a), but colour-coded by the average log( ÛM) from Riebel et al. (2012), assuming a gas:dust ratio of
400.
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Figure 2. Panel (a): binned period–luminosity diagram, showing the fraction of stars identified as having carbon-based or high-opacity
dust (C-AGB or X-AGB classifications in Riebel et al. (2012)), from none (green) to all (purple), with sequence D variables remapped.
Dashed, diagonal lines show the projection used to construct the horizontal axis of panels (b) and (c), as described in the text. Panels (b)
and (c) show the projected pulsation mode versus pulsation amplitude, coloured by mass-loss rate. Sequence D variables are remapped in
panel (b) and in situ in panel (c). The second-overtone (A), first-overtone (B, C ′), and fundamental-mode (C and possibly F) pulsation
sequences are marked.
WJK = 12. In other words, the sequences are “skewed” and
turned into vertical distributions, so that two stars with pri-
mary modes on the same sequence will have similar values
of log(P[WJK = 12]), regardless of their brightness. This di-
agram allows to clearly distinguish between periods asso-
ciated with different pulsation modes (cf. Trabucchi et al.
2017, their figure 7). Note that LSPs have been remapped
in Figure 2(b) and retained in Figure 2(c). A clear correla-
tion exists whereby stars that have large ∆I tend to have a
significantly higher mass-loss rate. These objects pulsate pri-
marily in the fundamental mode or 1O mode. However, once
∆I & 0.1 mag, the mass-loss rate stops increasing, reaching a
stable value of ∼ 10−7 M⊙ yr
−1, and resumes increasing only
when ∆I & 1 mag (see also Figure 3(c)).
3 DISCUSSION
A clear link exists between four evolutionary changes: the
transition from sequences B to C′, an increase in the photo-
metric amplitude of the 1O pulsation mode (a larger ∆I), the
development of LSPs, and the onset of substantial mass loss
( ÛM & 10−8 M⊙ yr
−1). The conditions for achieving ÛM & 10−8
M⊙ yr
−1 appear twofold: firstly, the star has to traverse from
sequence B to C′ (log(P[WJK = 12]) & 1.55 dex), and it has
to attain an amplitude of ∆I & 0.05 mag in either the 1O
or fundamental-mode pulsation. If either of these criteria is
not met, strong mass loss does not occur.
The transition from B to C′ occurs at different peri-
ods, dependent predominantly on stellar mass. Sequence C′
starts to become populated at P ≈ 40 days. Sequence B effec-
tively terminates at P ≈ 100 days, hence most stars should
have transitioned to sequence C′ by this point. Strong dust
MNRAS 000, 1–6 (2018)
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Figure 3. Panel (a): unbinned, projected periods (P[WJK = 12]) in the 1O mode, versus LSP periods, colour-coded by summed primary-
and second-pulsation-period amplitudes. Panel (b): projected period on sequences B and C′, versus the summed amplitudes. Panel (c):
density plot showing the relation between the summed amplitudes and mass-loss rate.
production is exhibited on sequence C′ at all periods across
this range. In order to occupy the shortest-period end of se-
quence C′ (≈40 days), stars must be of very low mass. Hence,
also likely very old and probably metal-poor2. Sequence C′
stars at this period and luminosity are rare, but an anal-
ogy can be drawn with 47 Tuc V13 (P = 40 days; WJK =
12.14 mag the distance of the LMC; K − [11.3] = 0.907 mag;
(McDonald et al. 2011)). The rarity of such stars, and lack
of an increase in sequence C′ stars below the RGB tip, likely
indicate that even the lowest-mass RGB stars (∼0.65 M⊙ ; cf.
McDonald & Zijlstra 2015) are too massive to exhibit strong
pulsations on this sequence, and that the mass-losing stars
on all sequences are restricted exclusively to AGB stars.
Sequence C′ becomes well-populated by P ≈ 60 days.
This can be compared with Galactic observations, where
significant dust production and mass loss is generally only
found in stars of P & 60 days. Significant mass loss becomes
essentially ubiquitous at P ≈ 100 days (McDonald & Zijlstra
2016; McDonald et al. 2018). A picture then emerges ty-
ing these key periods to changes in the population density
of sequence C′, and that it is presence on this sequence,
rather than pulsation period per se, that dictates whether
a star undergoes strong mass loss. An interesting feature of
this is that the periods (∼60 and 100 days) at which strong
mass loss begins are very similar between the LMC and the
Galaxy, despite the differences in metallicity and history be-
tween the two systems.
The causative mechanism(s) behind the sudden onset
of mass loss, however, remain more elusive. Not all sequence
B +C
′ stars with LSPs exhibit dust production, even above
the RGB tip (Figure 1(b)), hence the growth of the LSP at
the start of this transition may precede the onset of strong
mass loss. The increasing LSP amplitude is closely correlated
with the B +C′ amplitude. There appears to be no particu-
lar pulsation amplitude on sequences B+C′ or LSP sequence
D where strong mass loss is triggered. Instead, strong mass
loss more clearly begins at a given period than at a given
amplitude (log P[WJK = 12] = 1.54 dex; Figure 2(b)). Conse-
2 We remind the reader that metal-poor stars evolve faster, hence
AGB stars can extend to lower masses.
quently, it is not obvious that the onset of an LSP triggers
mass loss.
An interesting insight is that, between
log PB+C′[WJK = 12] ≈ 1.5 and 1.6 dex, the pro-
jected periods of the first-overtone and LSP modes
(log PB+C′[WJK = 12], log PD[WJK = 12]) anti-correlate for
most stars (Figure 3(a); more precisely, they increase at
different rates with luminosity). This suggests that stars
evolve from the long- to short-period side of sequence D.
Hence, stars on the short-period side of sequence D are
dust-producing, and stars on the long-period side are not
(Figure 2(c)), reflecting the transition from B to C′. A
second group of stars forms a vertical sequence in Figure
3(a). Their origin is unknown, but they may represent
spurious LSP periods.
The anti-correlation in Figure 3(a) could also be pro-
duced if the slopes of sequence D and B+C′ in the period–
luminosity diagram differ slightly, i.e., if the period ratio of
sequences B+C′ and D differ with stellar mass and/or grav-
ity. However, this would not produce the decline in dust-
producing stars with increasing sequence D period, as seen
in Figure 2(c). Further analysis of these phenomena may
help us understand the origin of the LSP modes.
As the LSP forms and stars transition between se-
quences B → C′, the fundamental mode (sequences C and
possibly F) starts to become prominent (Figure 2(b)), and
the amplitudes of the first overtone and fundamental modes
and LSP all increase in a closely correlated fashion. This
led us to investigate whether the sum of amplitudes cor-
related better with mass-loss rate than the amplitude of
the primary mode. Indeed, a close correlation is found, with
mass loss becoming significant when the combination of first-
overtone and fundamental modes exceeds ∆I ≈ 0.09 mag
(Figure 3(b)). Therefore, we suggest it is the strong amplifi-
cation of one or both of these modes, possibly assisted by the
LSPs, that trigger strong mass loss by levitating the star’s
outer layers.
Figure 3(c) shows the relationship between amplitude
and mass-loss rate. Two populations can clearly be identi-
fied: one with ∆I1+∆I2 . 0.09 mag and essentially zero mass
loss; and one with ∆I1 + ∆I2 & 0.09 mag, with ÛM ∼ 10
−7 M⊙
yr−1. A sparsely populated bridge connects these two popu-
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lations. Hence, we appear to have a rapid transition between
a quiescient state and a mass-losing state. That mass-losing
state has largely fixed properties, suggesting some form of
saturation in the energy transport: there is less than a factor
of two increase in average mass-loss rate between ∆I = 0.09
and 0.30 mag on sequence C′, and ∆I = 0.09 and 0.50 mag
on sequence C. The average mass-loss rate from Riebel et al.
(2012) over these two ranges is log( ÛM) = −7.39 [M⊙ yr
−1],
with a standard deviation of 0.42 dex. This consistency in
mass-loss rate reflects what is seen in Galactic stars, where
log( ÛM) = −6.43 [M⊙ yr
−1] was found by McDonald et al.
(2018). The factor of ten difference between the LMC and
Galaxy is likely attributable to the different methods for cal-
culating mass-loss rate, rather than reflecting any real dif-
ference. Since mass-loss rates from McDonald et al. (2018)
are gas mass-loss rates, provided a gas:dust ratio of 400:1 is
appropriate, the mass-loss rates of Riebel et al. (2012) may
need to be scaled up by a factor of ∼10.
Once amplitudes exceed ∆I ∼ 0.5 mag, mass-loss rate in-
creases dramatically, reaching log( ÛM) ∼ −6 [M⊙ yr
−1] by ∆I =
1.5 mag (this is only reached on sequence C for relatively
massive stars). The trigger for this second increase isn’t ob-
vious, but again seems linked to increasing pulsation am-
plitude, and approximately corresponds to the point where
Bladh et al. (2015) begin to produce dust-driven winds in
model atmospheres.
4 CONCLUSIONS
We have clearly tied the onset of strong mass loss ( ÛM & 10−8
M⊙ yr
−1) from AGB stars to their transition between pul-
sation sequences B and C′, both first-overtone pulsation
modes. This co-incides with the onset of LSPs, as previ-
ously noted byWood & Nicholls (2009). However, it appears
to have a stronger link to the presence of significant power
in the fundamental-mode pulsation (sequence C). It is the
(possibly non-linear) combination of power in these pulsa-
tion modes (first-overtone, fundamental mode and possibly
LSP) that appears to dictate when and whether a star tran-
sitions from a wind of ÛM ∼ 10−9 to 10−8 M⊙ yr
−1 to ÛM ∼ 10−7
to 10−6 M⊙ yr
−1. Most stars likely end their AGB evolution
during this phase, with a relatively constant mass-loss rate.
Only the most luminous, more massive stars undergo the
AGB superwind, when ÛM > 10−6 M⊙ yr
−1.
We have also identified that, within each sequence, the
LSP period anti-correlates with the fundamental or first-
overtone period in the same star, and dust-production rate
appears to increase from long to short periods. We inter-
pret this as stars migrating from long-period LSPs to short-
period LSPs over time, counter to other pulsation sequences.
To determine a new AGB mass-loss law, based on this
information, we need a better calibration of how pulsation
periods, amplitudes and modes relate to properties such as
stellar temperature, luminosity and mass. We also need to
investigate stars at differing metallicities, to determine how
a star’s composition affects the onset of its strong mass loss,
and its mass-loss rate.
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